Low-temperature co-fired ceramic (LTCC) tapes (DuPont, 951 series), originally developed for monolithic packaging of interconnects and hybrid microelectronic circuitry, have been used in the past five years to develop a meso-scale integrated fluidic technology. The LTCC fluidic technology is shown to be versatile, inexpensive, fast, and free of packaging problems. The manufacturing basis for this technology is the patterning of individual tapes, which are laminated and co-fired to create a layered three-dimensional (3D) structure. In this paper, we present another attractive facet of this technology by creating 3D shell structures with a single layer of LTCC tape. The processing technique is illustrated with actuated hemispherical and cylindrical shells that have internal 3D conduits. In order to demonstrate the application of an active device using magnetostatically actuated curved LTCC shells we also present a novel three degrees-of-freedom spherical stepper motor.
Introduction and background
We begin with a description of a packaging technology developed by DuPont, and then describe how this has been used to develop a versatile integrated fluidic technology. With this background, at the end of this section we explain the motivation for this paper and its new contribution in creating integrated systems on curved surfaces.
Low-temperature co-fired ceramic (LTCC) tape technology has been developed by DuPont for efficiently manufacturing monolithically packaged interconnects and hybrid microelectronics circuitry. In this paper, we consider alumina-based 951 series tapes. These tapes are made available in their green (pre-fired) state as thin sheets. In the green state, the tapes consist of alumina and glass particles held together by an organic binder material. The processing of the green tapes is done in three steps:
(i) patterning of individual layers with via holes, resistors, conductors, thermistors, dielectric pastes, etc, as needed by an application;
(ii) collation and lamination of the tapes under moderate pressure and temperature; (iii) co-firing of the entire laminate to sinter the material.
These are called 'low-temperature' tapes because the firing temperatures are below 1000
• C. The term 'co-firing' is used to indicate that the shrinkage-matched special pastes developed by DuPont for conductors, resistors, etc, are fired along with the tapes. The layered construction of the LTCC tape technology enables inexpensive manufacturing of monolithic three-dimensional (3D) structures for packaging electronic circuitry such as multi-chip modules. In the past four years, the same technology has been adapted and further improved to make it useful to a new application domain, as described in this paper.
LTCC tapes for integrated microfluidics
The work carried out over the past five years at the University of Pennsylvania has demonstrated that ceramic tapes can also be used as an efficient and convenient medium for the manufacture of meso-scale (millimeter to centimeter size) integrated fluidic systems (Bau et al 1998, Espinoza-Vallejos and Santiago-Aviles 2000) . In the green state, the LTCC tapes are very flexible and soft which makes it easy to machine them. Traditionally, punching is used to create via holes in 3D laminated structures with vertical interconnects. In order to make conduits of various shapes, milling is more versatile and avoids the step-pattern of punching. Using 125 µm and 250 µm diameter mill bits, holes and slots of arbitrary shape are milled in a single layer of LTCC tape using a computer numerically controlled (CNC) machine (Bau et al 1998 , Kim et al 1999 .
When this layer is laminated with an unmachined layer at the bottom and a layer with only two (input and output) holes on the top, a completely enclosed fluidic channel is formed. Since LTCC is primarily a packaging material, interfacing it with the macro components is easy. For example, post-fired LTCC tapes can be bonded to fluidic fittings to connect tubing or see-through windows for micro-conduits because the glass wets the tapes due to the presence of glass in the tapes. Using various thermal-expansion matched pastes, metals can also be bonded to LTCC tapes. Silicon was also embedded into the LTCC structure. LTCC is also amenable for epoxy bonding with many materials. As noted earlier, resistors, conductors, dielectrics, thermistors, etc, can be screen-printed onto the green tapes. In addition to mechanical machining, the tapes can also be patterned using various other techniques such as chemical etching, photolithography (with special photosensitive tapes), and laser micromachining.
Many useful devices have been demonstrated using one or more of the techniques described above (GongoraRubio et al 1999a, Gongora-Rubio et al 2001, Kim et al 2000 , Zhang et al 1999 . Some examples include 3D flow-conduits, reservoirs, passive and active valves, passive mixers with bent conduits, a peristaltic active mixer, an electromagnetic pump, a flow-meter, an impactor for particle collection in microconduits, a thermal cycler for PCR amplification, a proximity sensor, a magneto hydrodynamic pump, etc. Some of these devices also utilized Kapton, a polyimide material, which is compatible with LTCC processing. Kapton provides the structural flexibility that the hardened post-fired LTCC does not provide. Overall, the LTCC technology has been shown to be fully capable of building integrated fluidic systems for lab-on-a-chip applications or individual components. Since ceramic material withstands higher temperatures than most other materials, LTCC technology is ideally suited for minute chemical reactors and combustion chambers. There are also other tape formulations that can withstand even higher temperatures.
The necessary equipment to accomplish this is substantially less expensive compared to silicon technology. In the development of the aforementioned applications, previous work has used a CNC milling machine, a screen printer, a lamination press, and a temperature-controlled oven. Furthermore, a clean-room environment is not needed. In this paper, we present one more facet of this technology that enables the creation of 3D shell structures of freeform geometry.
Curved LTCC shells
Shell structures with curved geometry are useful for many reasons, since the curved geometry makes it very easy to mount a single sensor or an array of sensors on a macro-sized part. For example, if a flow meter made out of LTCC tapes (Gongora-Rubio et al 1999b) or a silicon sensor packaged using LTCC tapes needs to be mounted on a pipe, it is much more convenient and efficient to have a curved geometry. Since bonding LTCC surface to metals and many other materials is straightforward, direct mounting of the sensor on the surface is possible. No other fixtures are necessary. Furthermore, it can improve the structural integrity and strength of the sensor package. When an array of sensors needs to be mounted on large parts such as aircraft wings or turbine blades, it is beneficial to have a sensor package that has the same curvature as the part. A potential application in this regard is to mount a network of heat exchangers made out of LTCC tapes to cool a large radar antenna (Bau 2001) . Since the tapes can be cast and cut into almost any size, large or small, there is no restriction on the size of the parts on which the sensors, actuators or fluidic devices need to be mounted. Thus, customized packaging for parts of arbitrary geometry is possible with no extra cost in the manufacturing process and without any additional parts. As mentioned earlier, the LTCC processing technology is very inexpensive. As becomes clear later in the paper, processing to obtain arbitrary curved geometry of shells would retain this economic advantage while not compromising the functionality and versatility of the planar LTCC technology.
As is well known in the solid freeform fabrication based rapid prototyping technologies, layered construction enables any 3D shape or topology. Mathewson et al (1995) and Cawley et al (1996) have demonstrated this with ceramic materials at the macro-size scale. LTCC technology is also amenable for this. But this stacking of planar layers inevitably leads to a staircase pattern and the smoothness is limited by the minimum layer thickness and positioning and alignment accuracies. This increases the cost of manufacturing. The stacking technique is useful for creating solid 3D parts but is not economical for creating shell-type hollow structures. Forming single or multiple layers directly into curved surfaces is therefore attractive and inexpensive. This technique has been used by Klosterman et al (1998) at the macro-size scale for making body armour, etc. We use a similar technique with LTCC tapes, and illustrate meso-scale curved shells with sensors and actuators.
The remainder of the paper is organized as follows. Section 2 contains a description of the fabrication procedure using two prototypical examples of hemispherical and cylindrical shells and frames.
Section 3 includes two applications, namely, a contact heat-exchanger for pipes and a three degrees-of-freedom, magnetostatically actuated spherical stepper motor. Our final remarks are in section 4.
Processing LTCC tapes into shells
In the green state, the LTCC tapes are soft and very flexible. They are easily machinable for creating patterns in them and they can be deformed to any shape. We use these two characteristics to process the tapes into 3D curved shells. The tape is laid on top of a mandrel, which is a metal mold of a desired shape. If the intended shell is a developable surface such as a cylinder, one piece of tape is adequate.
If it is not a developable surface such as a sphere, then multiple pieces are used. Either CNC milling with a 125 µm mill or excimer laser micromachining is used to cut the tape into the required number of pieces of desired shapes. The tapes are also patterned with holes and slots, and are screenprinted with pastes to define resistors, conductors, etc, as needed by an application. Even though different pieces of tapes can stick together during lamination and firing, we have found it convenient to use a silver-based paste (DuPont 6141 paste) to stick different pieces before they are placed on the mandrel. The mandrel is made using brass on the CNC machine. Brass is chosen because its melting point is above the maximum temperature of 850
• C in the firing step, and it is easy to machine. Prior to laying down the tapes on the mandrel, a boron nitride (BN) aerosol spray (Advanced Ceramics Corporation) is applied on the surface of the mandrel. This spray contains very pure and extremely fine BN crystals in a fast-drying solvent-base carrier. It produces a smooth and uniform coating. It remains lubricious and inert even at extremely high temperatures. It prevents the tapes from sticking to the mandrel even if brass oxidizes slightly during the firing step. Thus, the shell can easily be removed from the mandrel after sintering is completed. Depending on the desired shape, positive and negative molds may be required in a mandrel. Figure 1 shows a hemispherical mandrel with positive and negative shapes. The tape is placed in between the two. In many cases, the negative (or hollow) mold is not necessary because the tapes shrink appreciably during firing, which helps in conforming to the shape of the mandrel. The shrinkage is due to the loss of the organic binder material and the flow of the glass, which brings alumina grains closer together. The shrinkage is 12.7 ± 0.2% in the x-and y-directions, and 15 ± 0.5% in the z-direction. Care should be exercised in designing the mandrel to account for shrinking as per the desired dimensions of the sintered shell. The orientation of the mandrel is also decided so that the tape tends to wrap tightly around the mandrel rather than move away from it during the sintering process.
When a shell structure made of multiple layers of tapes is needed, as in making an integrated fluidic system that conforms to a 3D surface, the individual layers are to be laminated. A pressure of about 21.5 MPa (3000 psi) at a temperature of about 60
• C is applied using a lamination press to achieve good contact between the alumina particles across the individual layers of tapes. Once the tapes are set on the mandrel, they are ready for sintering in a programmable oven. The firing cycle is summarized in DuPont (1994) , and is shown in figure 2 so that the reader can refer to it immediately. As can be seen in the figure, the temperature is raised from a room temperature of approximately 25
• C to 350
• C on a 10
ramp. It remains at 350
• C for 45 min, during which time all of the organic material in the tape burns off. This is to ensure that all the organic material burns out before sintering begins lest it form undesirable carbonates at the sintering temperature. The temperature is then brought to 850
• C and kept there for 30 min. The glass transition temperature of the glasses in the tape is around 750
• C. At 800 • C this glass flows and surrounds the grains of alumina and joins them together. The oven is then allowed to cool to room temperature.
As an illustrative example, we consider a single layer of a hemispherical shell. The mandrels for this are shown in figure 1. The procedure for dividing the non-developable hemispherical surface into six sectors that can be wrapped on the mandrel is shown in figure 3 . Six narrow rectangular pieces are used to overlap the sector pieces to ensure continuity. Because of the upright orientaton of the hemispherical mandrel, the tape has the tendency to conform tightly to the shape as it shrinks during the sintering process. The diameter of this shell is 45 mm. Figure 4 shows two prototypes of pre-fired thicknesses of 100 µm and 200 µm, which have been made in this manner. They weigh 1.2 g and 2.65 g respectively. The surface roughness is of the order of 5-10 µm (DuPont 1994). enough. Silver paste is used to facilitate contact along the edge where the two rolled-up ends of the tape meet. The effect of the silver paste on the shear strength along the edge is difficult to measure because of the brittleness of the fired tapes. The tapes break elsewhere before the separation along the edge occurs. The larger cylindrical shell in figure 5(a) weighed 2.11 g after sintering. A simple 3D frame structure is shown in figure 5(b) , which weighed 0.94 g.
Applications
For the purpose of illustration, two examples of different types are presented in this section: the first is a multi-layered fluidic system and the second is an actuator. Both of these require curved shells.
Internal conduits and a cooling pipe
An example of a multi-layered shell is shown in figure 6 . This consists of three layers that are rolled into the shape of a halfcylinder. The inner layer is free of any patterns. The middle layer has a curved slot that serves as a flow conduit in the final structure. The outer layer has two holes that serve as inlet and outlet ports for the conduit. This weighed 13.04 g including the glass fittings. Two glass tubes were bonded after firing. Flow conduits can also be created in another way, as shown in figures 7(a) and (b) in the top and side views. Here, the outer surface of the pipe and the LTCC shell create long vertical channels. This arrangement is useful for cooling the fluid flowing through the pipe. A fabricated prototype is shown in figure 7 (c) without the glass tube attachments at the inlet and outlet. 
Spherical stepper motor
In order to demonstrate an application of this new processing technology, we have successfully made a centimeter-sized spherical stepper motor. This unique motor, with three rotational degrees of freedom (as in a ball-and-socket joint), was developed at macro-size scale by Williams et al (1959) and Chirikjian and Stein (1999) . Traditionally, three motors mounted on each of the three orthogonal axes are necessary to have the complete rotational freedom. The spherical motors, on the other hand, are compact and possess all three rotations. This makes it easy to rotate it in any direction. They have many uses (Stein and Chirikjian 2000) : (i) robotic wrist, elbows, and shoulder actuators; (ii) omni-directional wheels for mobile robots; (iii) camera actuators for computer vision; and (iv) part transportation on array of such motors. In microsystems technology, many optical applications can be envisioned. Structurally, this motor consists of a hemispherical bowl in which a ball rotates about any direction. A recently built motor of this kind had a diameter of about 300 mm (Stein and Chirikjian 2000) . Our downsized version, with magnetostatic actuation and made with LTCC, has a diameter of 45 mm and it can be made much smaller.
Various parts of the motor are schematically illustrated in figure 8 . A stationary hemispherical bowl is embedded with NeFeB rare-earth permanent magnets at previously calculated positions. A rotating sphere with electromagnets is free to move in the stationary bowl. Planar coils at specific locations, screen-printed using a conducting paste onto the ceramic tape in the green state and subsequent co-firing, create the electromagnets. Alternatively, the coils can be created by laying down the paste on the green LTCC tape and milling the desired shape of the coil. The latter approach was used in this work. Electrical connection to each coil is achieved with thin copper wires so that each of these can be individually activated or de-activated. By activating different coils on the spherical shell by the passage of current, the sphere is made to rotate about any axis inside the bowl. The magnetostatic forces on the activated coils in the presence of the magnetic field of the permanent magnets create torque on the sphere causing it to rotate in any direction.
As a first prototype, we used an ABS plastic hemisphere made by a fused deposition modeling (FDM) machine, which is a rapid prototyping machine based on layered manufacturing. Using the LTCC itself is not a problem. In the holes of this bowl, NeFeB rare-earth permanent magnets of 5 mm diameter and about 12200 Gauss strength are embedded, as shown in figure 9(a) . A hemispherical LTCC shell with three coils was made, using the procedure described in section 2. An additional step was the creation of the coils using silver paste (DuPont 6141). Only eight magnets are used in this prototype. The mathematical aspects of the number and location of permanent magnets and coils, and the commutation are presented by Chirikjian and Stein (1999) . In the prototype built in this work, the regular or semi-regular patterns for stator poles described in that work are not used. Instead, eight locations were chosen arbitrarily. A closer view of one coil is shown in figure 9(b) . The assembled motor is shown in figure 9(c) .
A rotation of about 10
• was observed when 200 mA of current was passed through the coils one at a time using a square wave. The measurement of torque generated from the motor was found to be difficult because of the changing axis of rotation. Based on the weight of the rotor shell including the coils, it was estimated that about 10 −3 N m −1 of torque will be needed to overcome static friction at three assumed points of contacts and a friction coefficient of 0.5 between the magnets and the rotor shell. The actual value generated is expected to be more than this. The motor was able to rotate in a few different directions when the activation was switched from coil to another. Due to the limited number of coils and permanent magnets, only a few rotations are possible in this prototype. More functionality and smaller size are possible and will be addressed in future work. The current prototype illustrates only a potential application of an active device with curved LTCC shells.
Conclusions
DuPont has developed low-temperature co-fired ceramic tape technology for manufacturing monolithic packages for microelectronic components.
Using this packaging material, a wide variety of integrated meso-scale (millimeter to centimeter) fluidic systems have been conceived and fabricated in the past five years. While these consisted of a stack of planar tapes to create 3D blocks with active and passive components, in this paper we present an important extension in the form of truly 3D shell structures. Some of the advantages of the LTCC curved shells have been discussed. The processing steps are described and illustrated with examples. We present two applications of 3D flow conduits and cooling pipes, and a spherical three degrees-of-freedom actuator. The shells can be realized in smaller sizes than those presented here. The curved shell processing technique presented in this paper makes it possible to realize all the existing applications of LTCC integrated fluidic systems on curved surfaces. The dimensional and shape control in making the curved shells is to be investigated in future work.
